Models for the maintenance of androdioecy have suggested that selfing of hermaphrodites decreases the frequency of males in a population (the 'male frequency'). To test this hypothesis, we used electrophoretic allozyme methods to study the mating system and population genetics of an androdioecious tree, Fraxinus lanuginosa, which exhibits large variations in male frequency among subpopulations in central Hokkaido (northern Japan). We estimated the outcrossing rates by using seeds assayed at three polymorphic loci, and found that the multilocus outcrossing rate (t m ) increased with increasing male frequency (q) (t m = 0.69 to 0.99, q = 0.11 to 0.59). Fixation indices (F j ) estimated from these t m values ranged from 0.006 to 0.185, and were significantly greater than zero in plots with a low male frequency (q Յ 0.35), but not in plots with intermediate or high male frequencies (q Ն 0.47). However, fixation indices at the late
Introduction
Androdioecy is a rare reproductive system in which male plants coexist with plants that have perfect flowers or cosexual plants (plants that bear both male and female flowers) in a breeding population (Yampolsky and Yampolsky, 1922) . In this paper, we have chosen the term 'hermaphrodite' to represent plants with perfect flowers. Most supposedly androdioecious species are functionally dioecious or monoecious, and only seven species have been reported to exhibit true functional androdioecy (Charlesworth, 1984; Vassiliadis et al, 2000a) . According to phenotypic selection models (Lloyd, 1975; Charlesworth and Charlesworth, 1978) , the rarity of functional androdioecy results from the need for high pollen fecundity in the male plants. For male plants to be maintained in a population, the pollen fecundity of these plants must be at least double that of hermaphroditic plants (Lloyd, 1975) . However, if male fertility depends on the male frequency in a population, the requirements life stage (F a ) were not significantly different from zero at five loci (F a = 0.056 to 0.101, q = 0.11 to 0.61), and the F a values were lower than the F j values in several of the plots where both values were measured. These results indicate that inbreeding depression substantially decreases the proportion of selfed progeny in partially self-fertilising subpopulations. A theoretical model for the maintenance of androdioecy showed expected male frequencies significantly lower than the observed values in plots with high male frequency (q = 0.59 to 0.61), although the differences between the expected and observed values of male frequencies were not significant in plots with intermediate or low male-frequencies (q = 0.11 to 0.47). In this paper, the factors are discussed that affect variations in the male frequency among subpopulations of F. lanuginosa based on these findings. Heredity (2002) 88, 296-301. DOI: 10.1038/sj/hdy/6800043 of a phenotypic selection model may be relaxed (Vassiliadis et al, 2000a) .
Phenotypic selection models predict that, in androdioecious plants, males must have a greater fecundity to be maintained in partially selfing populations than in outbreeding populations, because fewer ovules are available for outcrossing (Lloyd, 1975; Charlesworth and Charlesworth, 1978) . Thus, the models predict that male frequency decreases in an androdioecious population with increasing selfing rate when the relative (male vs hermaphrodite) pollen fecundity is constant, since selfing decreases the relative fitness of males in this condition unless the male frequency decreases. A metapopulation dynamics model also predicts that self-incompatible populations maintain a higher frequency of male plants than do self-compatible populations (Pannell, 1997a) . Because all androdioecious species show variations in male frequency between populations (eg, Liston et al, 1990; Pannell, 1997b; Akimoto et al, 1999) , and self-compatibility, except for Phillyrea angustifolia (Vassiliadis et al, 2000b) , studies of the relationship between the magnitude of inbreeding and male frequency provide a way to test these theoretical predictions.
However, few studies have measured both male frequency and the magnitude of inbreeding in androdioecious species. In Datisca glomerata, outcrossing rates are sufficiently high to satisfy the theoretical requirements, and the observed values of male frequency were similar to the expected values in two populations (Fritsch and Rieseberg, 1992) . On the other hand, the inbreeding coefficients in Schizopepon bryoniaefolius are so high that androdioecy in this species seems to contradict the theoretical predictions for the maintenance of androdioecy (Akimoto et al, 1999) .
Fraxinus lanuginosa Koidz. (Oleaceae), a sub-canopy tree species distributed in Japan and in Korea, is functionally androdioecious and is pollinated by both insects and wind Hiura, 1994, 1998) . Males produce pollen that is more than eight times as fertile as that of hermaphrodites, which suggests that androdioecy of the species is maintained by the high pollen fecundity of the males compared with that of the hermaphrodites . In central Hokkaido (northern Japan), the species exhibits large variations in male frequency among subpopulations; thus, these subpopulations provide an opportunity to test the prediction that inbreeding affects the maintenance of androdioecy. The mating system of this species has not been fully studied, and thus it is not clear whether hermaphrodites partially self-fertilize under natural conditions, although manual pollination experiments have shown that hermaphrodites exhibit self-sterility .
In this paper, we attempt to resolve the relationship between the magnitude of inbreeding and male frequency in F. lanuginosa. We also ask whether the nature of androdioecy in this species supports theoretical predictions for the maintenance of androdioecy. To accomplish this goal, the mating system was studied (the outcrossing rate at the seed stage) and the population genetic structures (heterozygosity and fixation index at the late life stage) of the species using electrophoretic allozyme methods. The theoretical predictions of a phenotypic selection model were tested (Lloyd, 1975) by using the estimated mating parameters and published data on the species.
Materials and methods

Study sites
Our study sites were located in the Tomakomai Experimental Forest of Hokkaido University (lat. 42°40′ N, long. 141°37′ E, 40-80 m alt.) and in a neighbouring national forest; these broad-leaved natural forests have Quercus crispula, Acer mono, Ostrya japonica, and Tilia japonica as the dominant tree species . Five study plots were set up in 1993 and another five in 1997, and measured the frequency of flowering trees, the male frequency, and the growth rate of F. lanuginosa trees with girth at breast height (gbh) greater than 12 cm. Seeds were collected to estimate the outcrossing rates in 1997 at four of the 10 plots, since not enough seeds could be collected for this analysis in the other six plots ( Table 1 ). The population genetics in five of the ten plots were examined, whose male frequencies included the highest and lowest values in the original 10 plots.
Electrophoretic analysis
The outcrossing rates were estimated at the seed stage using between 143 and 254 seeds collected from eight or Heredity nine randomly chosen trees in each of the four plots (12 to 29 seeds per tree; Table 1 ). The population genetic parameters (heterozygosity, F-statistics, and fixation index) at the late life stage (tree height Ͼ1 m) were also measured by using winter buds from randomly chosen trees in five plots (19 to 60 trees per plot). Seed and bud materials were stored at 5°C before analysis by electrophoresis. For electrophoresis of the seed materials, embryos from the seeds were ground in 150 l of cold extraction buffer (modified based on the methods of Shiraishi, 1988) . For bud materials, leaf primordia from the buds were ground in 500 l of the cold extraction buffer.
The following five enzymes were analysed: alcohol dehydrogenase (ADH; EC 1. 1. 1. 1), fluorescent esterase (FE; EC 3. 1. 1. 1), leucine amino peptidase (LAP; EC 3. 4. 11. 1), phosphoglucose isomerase (PGI; EC 5.3.1.9), and 6-phosphogluconate dehydrogenase (6PGD; EC 1.1.1.44). The standard abbreviation of E.C. number 3. 1. 1. 1. is esterase (EST), but there are alternative staining methods for the enzyme (Richardson et al, 1986) , and thus it has been denoted as fluorescent esterase in the case of a staining method with methylumbelliferyl acetate and UV light. Starch gels (12% w/v) were used to resolve ADH, FE, and PGI, and polyacrylamide vertical slab gels were used for LAP and 6PGD. For the starch gels, gel and electrode buffer system number 8 described by Soltis et al (1983) was applied, and electrophoresis was conducted following the general methods of Gottlieb (1981a) and Soltis et al (1983) . For the polyacrylamide vertical slab gels, the gels were prepared according to the methods of Davis (1964) and Orstein (1964) , and electrophoresis was carried out at 4°C with a current of 12.3 mA/cm 2 for 150 min.
Genetic interpretations of the resulting banding patterns were inferred from segregation patterns with reference to typical subunit structures (Gottlieb, 1981b (Gottlieb, , 1982 Crawford, 1983) . In the analysis of the seed materials, ADH was not scored for four plots because of poor activity, and FE and LAP were not scored for plots 1 through 3 and plot 4, respectively, because of poor resolution. Three polymorphic loci were then used to estimate the outcrossing rates at the seed stage (Lap-1, Pgi, and 6Pgd for plots 1 through 3, and Fe, Pgi, and 6Pgd for plot 4), and five loci were used for the population genetic parameters at the late life stage (Adh, Fe, and 6Pgd) .
The multilocus (t m ) was calculated and mean singlelocus (t s ) outcrossing rates at the seed stage by using the MLT program of Ritland (1990a) . MLT is based on the multilocus outcrossing estimation procedure of Ritland and Jain (1981) , which assumes that progeny are derived from either random mating (outcrossing) or self-fertilisation. The difference between the two values (t m − t s ) indicates the magnitude of the biparental inbreeding. The 95% bootstrap confidence intervals for the outcrossing rates were calculated based on 1000 bootstrap samples (resampling of seeds within each family) by using the method of Manly (1997) . The fixation index (F j ; Wright, 1969) was also estimated using the t m value, by assuming that no inbreeding depression occurred after the seed stage. The F j value is a measure of the magnitude of inbreeding, and is calculated from the following equation (modified from Falconer and Mackay, 1996) : b H = high male frequency; I = intermediate male frequency; L = low male frequency. These categories were determined based on the first and third quartiles of data from 10 plots, which include the male frequencies for the six plots in this table and four other plots in the study area (Hiura and Ishida, unpublished data) . c Mean ± standard error. The 95% bootstrap confidence intervals for the F j values were calculated based on the 1000 bootstrap samples for the t m values.
The observed and expected values of heterozygosity were calculated at the late life stage by using the Biosys-1 program of Swofford and Selander (1989) . The expected heterozygosity represents the value expected under a Hardy-Weinberg equilibrium, and measures the magnitude of genetic diversity within a population. F-statistics (F is , F st , and F it ; Wright, 1969; Weir and Cockerham, 1984) at the late life stage were then calculated by using the FSTAT program of Goudet (1995) . F-statistics provide a set of measures of the heterozygote deficiency compared with values in a Hardy-Weinberg equilibrium; respectively, F is , F st , and F it measure the heterozygote deficit within a population, the heterozygote deficit among populations, and the global deficit in all populations. The 95% confidence intervals for the F-statistics were calculated by bootstrapping over the aforementioned loci.
We also calculated the fixation index at the late life stage (F a ) by using FSTAT. The F a value measures the heterozygote deficiency compared with a Hardy-Weinberg equilibrium at the late life stage for each population. If there is no inbreeding depression at the late life stage, the F a value is identical to the F j value. The F a values were then tested for deviation from a Hardy-Weinberg equilibrium by using a 5000-example randomisation (ie, the Hardy-Weinberg equilibrium was generated by randomising alleles among individuals within a population).
Results
Outcrossing rate and male frequency The t m and t s values for the four plots ranged from 0.69 to 0.99 and from 0.66 to 0.99, respectively, and both parameters increased with increasing male frequency ( Table 2) . As the rank of male frequency was equal to that of tree density for each of the four plots, the t m and t s values also increased with increasing tree density (Table 1) . There was significant correlation between the rank of male frequency and that of tree density for the six plots (Spearman's = 0.94, P Ͻ 0.005, Table 1 ).
The differences between the t m and t s values were close to zero (t m − t s Ͻ 0.03), indicating that biparental inbreeding was not significant in the four plots. The t m and t s values for plots 5 and 10, which exhibited the lowest male frequencies (q = 0.11 and 0.35, respectively), were lower than 0.9 and differed significantly from 1 (P Ͻ 0.05; significance determined by the upper limit of the 95% bootstrap confidence interval). In contrast, the values for the other two plots, which exhibited intermediate or high male frequency (q = 0.59 and 0.47, respectively), were higher than 0.9 and did not differ significantly from 1 (P Ͼ 0.05). These results indicate that hermaphroditic trees partially self-fertilise in plots with low male frequency, whereas trees predominantly outcross in plots with intermediate or high male frequency. The fixation indices (F j ) estimated from the t m values ranged from 0.006 to 0.185 in the four plots; these estimates were significantly higher than 0 in plots with low male frequency, but not in plots with intermediate or high male frequency (P Ͼ 0.05; significance was determined by using the lower limit of the 95% bootstrap confidence interval).
Population genetic structure at the late life stage The observed and expected heterozygosity values for all loci (Table 3) for the five plots ranged from 0.22 to 0.34 and from 0.21 to 0.35, respectively, and there was no significant correlation between the expected heterozygosity and male frequency (Spearman's = 0.10, P Ͼ 0.05). F is , F st , and F it for the five populations were 0.02 (95% confidence interval from −0.06 to 0.08), 0.19 (from 0.08 to 0.30), and 0.20 (from 0.04 to 0.31), respectively, indicating that most of the heterozygote deficiency compared with a Hardy-Weinberg equilibrium arose from the Wahlund effect (ie, the effect of subdividing a population on the heterozygote deficiency) rather than from the mating system.
The fixation indices F a for all loci in the five plots (Table 3) ranged from −0.056 to 0.101, and did not differ significantly from 0 (based on a randomisation test; P Ͼ 0.05). There was no significant correlation between the F a values and male frequency (Spearman's = 0.10, P Ͼ 0.05). The F a estimates were lower than the F j estimates in three of the five plots (plots 1, 3, and 5) for which both values were measured (Tables 2 and 3 ).
Discussion
Mating system and population genetic structure Estimation of the outcrossing rate revealed that F. lanuginosa predominantly exhibits random mating (out- crossing) on sites in central Hokkaido with high male frequencies, but partially self-fertilises on sites with low male frequencies. The inbreeding found in the present study is not due to biparental inbreeding, since this form of inbreeding appears insignificant in the species (t m − t s was not significantly different from 0; Table 2 ). This result demonstrates that F. lanuginosa does not exhibit complete self-incompatibility, and that self-fertilisation of the species is facultative. This contradicts previous studies that have shown the species to be self-sterile in the study area. Facultative selfing has been reported in other species that exhibit self-incompatibility or self-sterility (eg, Bertin et al, 1989; Becerra and Lloyd, 1992) . For example, Phormium tenax exhibits cryptic self-incompatibility, but selffertilises when cross-pollination is limited (Becerra and Lloyd, 1992) . In the same manner, the self-fertilisation of F. lanuginosa that occurred on sites with low male frequency may have resulted from the limited cross-pollination, because male frequency is correlated to tree density in this species (Table 1 ; Hiura and Ishida, unpublished data) . Thus, the amount of cross-pollination would decrease as male frequency decreases, and the mating system of the species appears to be density-dependent. Another androdioecious plant, Datisca glomerata, also appears to have a density-dependent outcrossing rate (Fritsch and Rieseberg, 1992) . The low pollen fecundity of F. lanuginosa hermaphrodites compared with that of males ) may also limit cross-pollination on sites with low male frequency, since the amount of pollen production per tree increases with increasing male frequency.
A possible alternative cause of the variation in outcrossing rates involves the dissolution of self-incompatibility in part of the population. However, this explanation did not seem to apply in the present study of F. lanuginosa. This is because the dissolution of self-incompatibility may result from the genetic bottleneck (Reinartz and Les, 1994) accompanied by a low level of heterozygosity, whereas the level of heterozygosity of F.
Heredity lanuginosa in the present study was so high that this possibility can be ruled out.
The fixation indices (F a ) at the late life stage did not differ significantly from 0, and the F is value was also close to 0. Moreover, the F a values were lower than the fixation indices (F j ) estimated from the t m values. These results indicate that inbreeding depression substantially decreases the proportion of selfed progeny. This is because inbreeding depression generally decreases the fixation index (inbreeding coefficient) over the course of the plant's life (Ritland, 1990b) , and the F a value of zero requires a condition that no selfed progenies survive to the late life stage. This would lead to predominant outbreeding even in partially self-fertilising subpopulations. This result is consistent with the argument that predominantly outcrossing species (with an outcrossing rate Ͼ0.6) would exhibit strong inbreeding depression (Husband and Schemske, 1996) , and with the prediction that populations of long-lived plants would have a large genetic load (Klekowski, 1988) .
Maintenance of androdioecy in F. lanuginosa Does androdioecy in F. lanuginosa support the theoretical predictions required for the maintenance of androdioecy? We tested the predictions of the phenotypic selection models of Lloyd (1975) and Charlesworth and Charlesworth (1978) . The expected value of male frequency given by these models is:
where t is the primary outcrossing rate, i is the relative fitness (selfed/crossed) of selfed seeds ((1 − i) equals the magnitude of the inbreeding depression), l is the relative pollen fecundity (hermaphrodite/male), and v is the relative viability of zygotes (hermaphrodite/male) up to reproductive maturity (Lloyd, 1975) .
Thus, the observed and expected values of male frequency in four plots (plots 1, 3, 5, and 10) can be compared by inserting the data into the equation, along with hypothetical values for i (Figure 1) . It is assumed that v = 1.0, because there were no significant differences in size structure (frequency distribution of gbh) and growth rates between males and hermaphrodites in the study area (Hiura and Ishida, unpublished data) . When a value of 0.12 is substituted for l (Ishida and Hiura, 1998), and hypothetical values (0, 0.25, 0.5, and 0.75) for i, the model shows that the observed value was significantly higher than the expected values for plot 1, which exhibited the highest male frequency among the four plots (observed q = 0.59), although the difference between the observed and expected values of male frequency was not significant in the other three plots.
If the observed and expected values using the six plots are compared, by assuming that the two remaining plots (plots 2 and 4) had one of the four estimated outcrossing values, then the model again shows similar results; the observed values were significantly higher than the expected values in the plots with high male frequency (plots 1 and 2; observed q = 0.59 and 0.61, respectively), whereas the difference between the observed and expected values was not significant in the other four plots, which exhibited intermediate or low male frequency (observed q ranged from 0.11 to 0.47). These results indicate that the high male frequencies observed in at least two plots cannot be explained by phenotypic selection models, and understanding the maintenance of androdioecy in F. lanuginosa requires an alternative theory.
In six other androdioecious species, the observed data for two species are inconsistent with the phenotypic selection models; in Schizopepon bryoniaefolius, the inbreeding coefficients in androdioecious populations are so high that the maintenance of androdioecy in the species contradicts the models (Akimoto et al, 1999) . In Phillyrea angustifolia, several populations exhibit male frequencies close to 0.5, a value that cannot be explained by the phenotypic selection models (Vassiliadis et al, 2000a) , although its male frequencies in stressed sites seem to be explained by the models (Pannell and Ojeda, 2000) . Vassiliadis et al (2000a) have proposed an alternative model for the maintenance of androdioecy that would explain high male frequencies that cannot be explained by the phenotypic selection models. They showed that if a gametophytic self-incompatibility locus is linked to a nuclear sex-determination locus, frequency-dependent selection caused by this linkage can result in higher male frequencies than the expected values based on the phenotypic selection model. If the self-sterility of F. lanuginosa arises from an incomplete gametophytic self-incompatibility linked with a sex-determination locus, then the proposed alternative model can be applied to the high male frequencies of F. lanuginosa, although the number of Salleles must be known before the model can be tested. Moreover, it is likely that other mechanisms, such as the plasticity of pollination by insects with respect to flower density, cause frequency-dependent selection. This plasticity of pollination would lead to a high male frequency in F. lanuginosa. To test these hypotheses would require studies of the mechanism of self-sterility and of the pollination biology of the species.
A possible alternative cause of the inconsistency between the observed and expected values for male frequency is the existence of sex-labile trees. In F. lanuginosa, sex-labile trees were found during 5 years of observation in central Hokkaido (three of 354 trees (0.8%); Hiura and Ishida, unpublished data) . If a sex-labile tree is considered to be functionally cosexual in terms of its genetic contribution to the next generation, the frequencies of functional males would be lower than the highest putative male frequency based on short-term observations; that is, the frequency of functional males would be lower than the highest expected male frequency (0.43). Although the frequency of the sex-labile trees found by Hiura and Ishida was small, the frequency of sex-labile trees in the longer term may be a significant factor in determining male frequency, because the typical life span of F. lanuginosa is long (about 100 years; Miyajima, 1979) . Sex-labile individuals and an environmentally determined sex ratio have been found in another androdioecious plant, Mercurialis annua (Pannell, 1997a, c) . This final hypothesis will be tested by conducting both a long-term survey of sex expression in F. lanuginosa and a study of the genetic mechanisms of sex determination.
